Phylloquinone, the primary dietary form of vitamin K, is converted to menaquinone-4 (MK-4) in certain tissues. MK-4 may have tissue-specific roles independent of those traditionally identified with vitamin K. Fischer 344 male rats of different ages (2, 12, and 24 mo, n ¼ 20 per age group) were used to compare the conversion of phylloquinone to MK-4 with an equivalent dose of another dietary form of vitamin K, 2#,3#-dihydrophylloquinone. Rats were age-and diet-group pair-fed phylloquinone (198 6 9.0 mg/kg diet) or dihydrophylloquinone (172 6 13.0 mg/kg diet) for 28 d. MK-4 was the primary form of vitamin K in serum, spleen, kidney, testes, bone marrow, and brain myelin fractions, regardless of age group. MK-4 concentrations were significantly lower in kidney, heart, testes, cortex (myelin), and striatum (myelin) in the dihydrophylloquinone diet group compared with the phylloquinone diet group (P , 0.05). The MK-4 concentrations in 2-mo-old rats were lower in liver, spleen, kidney, heart, and cortex (myelin) but higher in testes compared with 24-mo-old rats (P , 0.05).
Introduction
Vitamin K is a fat-soluble vitamin that has been implicated in bone and vascular health, in addition to its classic role in coagulation (1) . There are also data to suggest that vitamin K has a role in the regulation of sphingolipid metabolism (2) . Multiple dietary forms of vitamin K exist, all of which can function, albeit with different affinities, as a cofactor for the vitamin K-dependent g-carboxylation reaction that converts specific glutamic acid residues to g-carboxyglutamic acid residues in certain proteins (3) .
There is consistent evidence that phylloquinone, the primary dietary form of vitamin K, is converted to menaquinone-4 (MK-4), 4 either directly within certain tissues (4) or through an interconversion to menadione, followed by a prenylation to MK-4 (5). In certain tissues that have high lipid content, such as the brain, MK-4 appears to be the preferred form of vitamin K (6) . It is currently not known why this conversion to MK-4 occurs because both phylloquinone and MK-4 are cofactors for the vitamin Kdependent g-carboxylation reaction. Of interest is the observation that those tissues high in MK-4, including the brain and reproductive organs, are often low in g-carboxylase (7, 8) . In one in vitro study, MK-4, and to a lesser extent, phylloquinone, was shown to prevent oxidative injury in oligodendrocyte precursors and immature fetal cortical neurons, independent of the vitamin K-dependent g-carboxylation reaction (7) . In male rats, MK-4 was shown to be involved in steroid production through the regulation of Cyp11a (8) . These observations suggest that MK-4 has roles independent of being a cofactor for the g-carboxylation reaction.
Another dietary form of vitamin K, 2#,3#-dihydrophylloquinone, is a product of commercial hydrogenation of phylloquinonerich oils and does not occur in nature (9) . In contrast to phylloquinone, it has been reported that high doses of 2#, 3#-dihydrophylloquinone do not convert to MK-4 in a rat model treated with the vitamin K antagonist, warfarin (10) . Should these findings be demonstrated through the manipulation of diet in an animal model not treated with warfarin, 2#,3#-dihydrophylloquinone may have utility in animal studies in the identification of mechanisms by which phylloquinone is converted to MK-4. There is also the potential application of 2#,3#-dihydrophylloquinone in the manipulation of vitamin K status in those tissues that are rich in MK-4, while conserving vitamin K-dependent coagulation.
We compared the conversion of 2#,3#-dihydrophylloquinone to MK-4 with that of an equivalent dose of phylloquinone in male Fischer 344 rats of different ages.
Materials and Methods
Rats and diets. A total of 60 male Fischer 344 rats (2-, 12-, and 24-moold, n ¼ 20 per age group) were obtained from the National Institute of Aging (Harlan Sprague Dawley). The rats were maintained individually in stainless steel suspended wire cages to enable monitoring of food consumption (including spillage) and to minimize coprophagy. Rats consumed vitamin K-deficient (Harlan Teklad TD97053) powdered diet (Supplemental Table 1 ) and water ad libitum during a 2-wk acclimation period. Body weights were recorded at the end of the 2-wk acclimation period to determine approximate intakes for the pair-fed experimental phase ( Table 1) .
These rats were assigned to 1 of 2 experimental groups [phylloquinone diet group (P) and dihydrophylloquinone diet group (D)], and rats of the same age grouping were group pair-fed (11) with a vitamin K-deficient powdered diet (Harlan Teklad TD97053) supplemented with either dihydrophylloquinone (a gift of J. Pyrek, University of Kentucky, Mass Spectrophotometry Facility) or phylloquinone (Sigma, product V3501). The target dose of 200 mg/kg diet, which was lower than the current recommended intake of 1.0 mg/kg diet (12) , was selected to create a mild deficiency state while conserving coagulation (6) . It was anticipated that our ability to detect any differences between dihydrophylloquinone and phylloquinone in their conversion to MK-4 would be maximized under mild dietary vitamin K-deficiency conditions. The duration of the dietary supplementation for all groups was 28 d. The diets were stored at 220°C under a nitrogen gas blanket during the entire period of the study. At the end of 28 d, all rats were subsequently anesthetized and terminally exsanguinated. This protocol was approved by the Human Nutrition Research Center on Aging Institutional Animal Care and Use Committee.
Laboratory analyses. The phylloquinone and dihydrophylloquinone concentrations of the diets were determined by reversed-phase HPLC (13) .
Tissues were harvested and stored at 280°C until the time of analyses. Tissues were homogenized using a Powergen homogenizer (Fisher Scientific) in phosphate-buffered saline. The weight of tissue homogenized and the volume of buffer used were adjusted to give an approximate final tissue concentration of 0.3 kg/L.
The concentrations of phylloquinone, dihydrophylloquinone, and MK-4 in tissue (spleen, kidney, heart, testes, and bone marrow), serum, and myelin fractions were determined by reversed-phase HPLC and were expressed relative to wet weight (with the exception of serum), as previously described (13, 14) . Because brain samples were used for another study that included the analysis of sulfatides in myelin fractions isolated from 3 brain regions (striatum, cortex, and hippocampus) (to be reported elsewhere), we were unable to measure the MK-4 concentrations of the whole brain; instead, we analyzed the myelin fraction within each brain region. Myelin was isolated using the procedures described elsewhere (15) .
During the initial analysis of the liver, a substance was found to elute with the same retention time as our internal standard, [vitamin K 1(25) ]. The analytical procedure for determination of vitamin K in liver was subsequently modified to separate the internal standard from the interfering substance. This was accomplished by changing the analytical column, the mobile phase composition, and elution procedure; all other conditions were identical to methods described elsewhere (13, 14) . Specifically, the analytical column used was a Pronto SIL C30 column (particle size 5 mm; dimensions 4.6 3 250 mm) (MAC-MOD Analytical). The gradient elution procedure was programmed as follows: a solution of 95% solvent A [methanol, to which 5.5 mL of aqueous solution (2 mol/L zinc chloride, 1 mol/L acetic acid, and 1 mol/L sodium acetate) per L was added] and 5% solvent B (methylene chloride) was pumped at 0.8 mL/min for the first 30 min. For the next 10.5 min, the flow rate was increased to 1.0 mL/min, and the mobile phase composition was changed to 70:30 (A:B; v:v) to remove the more lipophilic compounds from the column. The mobile phase composition was then changed to 95:5 (A:B; v:v). To reequilibrate the column, 8.0 min later the flow rate was changed back to 0.8 mL/min. Each cycle was 50 min in length. This modification also resulted in the separation of the cis from the trans form of vitamin K. The cis isomer is retained longer in the liver but has lower biological activity compared with the parent trans isomer (16, 17) . The substance in liver that interfered with the internal standard was not detected in any other tissues.
Statistical analysis. Data are reported as mean 6 SD. Because the SD increased with mean response, a natural log transformation was applied prior to formal analyses. The statistics presented in the tables are in the original scale. The main effects of age and diet, as well as the interaction between age and diet, on MK-4 concentrations in each tissue were analyzed by 2-way ANOVA and Tukey's HSD for multiple comparisons. Likewise, the main effects of age and diet, as well as the interaction between age and diet, on phylloquinone concentrations in each tissue in the P were compared with dihydrophylloquinone concentrations in each tissue in the D using a 2-way ANOVA and Tukey's HSD for multiple comparisons. There were no significant interactions between age and diet with respect to any of the tissue concentrations of phylloquinone or dihydrophylloquinone. Data were analyzed using SPSS for Windows, version 14.0. Significance was set at P # 0.05.
Results
The phylloquinone and dihydrophylloquinone concentrations of the 2 diets were 198 6 9.0 and 172 6 13.0 mg/kg, respectively. The daily food intakes were 16.8 6 2.9, 18.0 6 2.6, and 17.9 6 2.9 g for the 2-, 12-, and 24-mo-old rats, respectively. For rats of each age, body weights and food intakes did not differ between the diet groups ( Table 1) . Among the 24-mo-old rats, 2 died in the P whereas 4 died in the D. Of these deaths, 2 occurred during the acclimation period and 2 occurred within the first week of consuming the test diets. There was also a 2-mo-old rat in the P that died before the completion of the 28-d treatment period. None of the rats had clinical signs associated with vitamin Kdeficiency, even though the dietary intakes were below current recommendations for vitamin K (12) .
To test the hypothesis that dihydrophylloquinone does not convert to MK-4, we compared MK-4 concentrations in response to equimolar amounts of dihydrophylloquinone with phylloquinone in 3 different age groups of rats ( Table 2) . The MK-4 concentrations in kidney, heart, testes, cortex (myelin), and striatum (myelin) were significantly lower in the D compared with the P. In contrast, MK-4 concentrations in serum, liver, spleen, bone marrow, and hippocampus (myelin) did not differ between the 2 diet groups. There were no diet 3 age interactions in any of the tissues examined.
To test the hypothesis that less dihydrophylloquinone is absorbed, transported, and/or stored in peripheral tissues, we compared dihydrophylloquinone concentrations with phylloquinone concentrations in response to their respective intakes in 3 age groups of male rats ( Table 3 ). The 12-and 24-mo-old rats in the D had higher dihydrophylloquinone concentrations in the liver compared with the phylloquinone concentrations in the P (P , 0.005). In contrast, the D had consistently lower dihydrophylloquinone concentrations in the kidney, heart, and testes (P , 0.001) compared with the phylloquinone concentrations in the P. No other consistent significant differences were noted. There were no detectable concentrations of either phylloquinone or dihydrophylloquinone in the myelin fractions isolated from the brain regions.
In addition to diet effects, there were also significant age effects on MK-4 concentrations, with the exception of serum, bone marrow, and hippocampus (myelin), in which no age effects were observed ( Table 2 ). The 24-mo-old male rats had significantly higher MK-4 concentrations in the liver, heart, and cortex (myelin), but significantly lower concentrations in the testes compared with the 2-and 12-mo-old rats. In the spleen, kidney, and striatum (myelin), the 12-and 24-mo-old rats had comparable MK-4 concentrations, but these concentrations were significantly higher compared with the 2-mo-old rats. Significant age effects on phylloquinone concentrations were noted in the serum, liver, kidney, heart, spleen, and testes among the P (Table 3 ). There were also significant age effects in dihydrophylloquinone concentrations in the serum, liver, spleen, kidney, and testes, but not other tissues, among the D.
Analysis of the liver revealed both stereoisomers of phylloquinone among those in the P. Across the age groups, there was consistently more of the trans than the cis isomer of phylloquinone (2 mo, 24.3 6 26.7 and 16.2 6 13.9; 12 mo, 11.5 6 4.4 and 8.0 6 3.1; and 24 mo, 36.4 6 12.7 and 16.3 6 7.7 nmol/g liver for trans and cis isomers, respectively). Although we examined other tissues for the cis isomer in a subset of the rats, we did not find any other tissue with .10% of this stereoisomer contributing to total vitamin K (data not shown).
Discussion
In this study of Fischer 344 male rats, 2#,3#-dihydrophylloquinone intake did not have equivalent tissue-specific conversion to MK-4 when compared with equal intake of phylloquinone. Dihydrophylloquinone was absorbed from the diet and there was tissue-specific MK-4 conversion in certain tissues. However, the MK-4 concentrations were lower in the kidney, heart, testes, and brain myelin in the D when compared with the P. This difference in conversion to MK-4 between the 2 forms of vitamin K did not vary by age (i.e., there were no diet 3 age interactions).
Dihydrophylloquinone differs from phylloquinone in the saturation of the 2#,3# double bond in the phytyl side chain. The active site for vitamin K's role as a cofactor in the g-carboxylation of vitamin K-dependent proteins is situated on the 2-methyl-1,4 naphthoquinone nucleus, which is common to both phylloquinone and dihydrophylloquinone. However, in humans, differences in bioavailability and/or turnover have been noted when comparing these 2 dietary forms of vitamin K (18, 19) . The comparison of vitamin K urinary metabolite excretion in response to the intake of both forms suggests that dihydrophylloquinone has a faster metabolic clearance rate compared with phylloquinone (19) . Our data support these findings because the dihydrophylloquinone was absorbed from the diet but there appeared to be less dihydrophylloquinone in peripheral tissues, hence less substrate for the tissue-specific conversion to MK-4. Because dihydrophylloquinone is not an ingredient in animal nonpurified diets, the study diet supplemented with dihydrophylloquinone would have been the only source contributing to the high dihydrophylloquinone concentrations in the liver of all the age groups. In contrast, the P did not have any measurable concentrations of dihydrophylloquinone in any of the tissues measured.
In this study, the spleen, kidney, testes, and brain myelin contained higher concentrations of MK-4 compared with phylloquinone or dihydrophylloquinone, which is consistent with the findings of others (20) (21) (22) . It was not an unexpected finding that the MK-4 concentrations reported for brain myelin fractions in our study were lower than those reported by others (6, 10) because our analyses were limited to the myelin fractions within each brain region, whereas others analyzed the whole brain or entire regions. MK-4 concentrations were lower in the D compared with the P in all these tissues, with the exception of the spleen and hippocampus (myelin). There are biochemical roles for MK-4 in both the brain and the testes that are independent of its role as a cofactor for the g-carboxylation reaction (7, 8) . It is currently not known if long-term dihydrophylloquinone consumption will modulate these biochemical roles through a reduction in conversion to MK-4. In contrast, vitamin K forms in the liver, spleen, and myelin isolated from the hippocampus were primarily phylloquinone or dihydrophylloquinone, depending on the diet. The differences between MK-4 and phylloquinone concentrations in most tissues are generally more pronounced among phylloquinone-deficient rats compared with phylloquinonesupplemented rats (20) . For this reason, we chose to use a low dietary intake dose to maximize the differences between phylloquinone and dihydrophylloquinone in their conversion to MK-4. It is plausible that this attenuated our ability to observe differences in MK-4 between the 2 diets. In this study, there were no apparent coagulation disorders, as characterized by bleeding, nor were there any diet effects on the vitamin K content of the liver. Although there were 4 rats that died in the 24-mo D, there was no indication that these were diet-related. It is plausible that we were statistically underpowered to detect significant age or diet differences in MK-4 concentration in all the tissues because of unanticipated deaths in the older rats. Although the rats were group pair-fed, there was large intragroup variation in MK-4 concentrations for any given tissue, which is consistent with reports by others (10, 21) . We currently do not have an explanation for this observation, but these data indicate that larger sample sizes are required for future vitamin K rodent studies.
In summary, there were lower MK-4 concentrations in certain tissues among male Fischer 344 rats fed dihydrophylloquinone compared with an equivalent amount of phylloquinone. The mechanism by which dihydrophylloquinone has less tissuespecific conversion to MK-4 compared with phylloquinone is currently not known. The use of dietary dihydrophylloquinone may be useful in models of vitamin K deficiency in certain, but not all, tissues for which the preferred form is MK-4. 
